Abstract: Essential oils are mixtures of compounds obtained from plants, including flowers, roots, bark, leaves, seeds,peel, fruits, wood, that have risen up in the last decades thanks to their beneficial properties as antibacterial, antifungal and anti-inflammatory agents. The aim of this study was to characterize and analyze 13 different commercial essential oils with two different techniques. The first is GC-MS, coupled with SPME, thanks to which 204 different VOCs have been identified. The results show that a total of 95 compounds was found only in one oil, while the others were found with different frequencies in many of them. The most represented class is that of terpenes, as widely reported in literature. The second technique is based on an array of chemical gas sensors. This system was used to investigate whether sensors are able to identify these products. It turned out that basil, cinnamon and carnation are the most identifiable oils with different number and typology of sensors, especially tin oxide and copper oxide nanowires, while cayeput and thyme are more mistakable samples. Thanks to this detailed study, it has been possible to reach and obtain novel insights for the future development of this type of research.
Introduction
Essential oils (EOs) are complex mixtures of compounds extracted as secondary metabolites from aromatic plants. Since they are hydrophobic and have often a density lower than that of water, are lipophilic and soluble in organic solvents [1] . EOs can be obtained in different ways, that can be grouped together in two main classes: classical methods, such as hydro distillation [2] and cold pressing [3] , and innovative techniques, as supercritical fluid extraction [4, 5] . The extraction is regulated by International Standards Organization (ISO) [6] .
EOs were well known since ancient civilizations, such as the Egyptians and the Persians, for their antiseptic, fungicidal and antimicrobial properties, that have been preserved until today [7] . All these characteristics are back to be investigated in recent years as they give the EOs the potential to be used in many fields. Food preservation is one and green materials are gaining attention for the development of biodegradable packaging materials. Hence, the incorporation of EOs in new films brings two advantages, i.e. antimicrobial activity and physicochemical properties improvement [8] [9] [10] [11] [12] [13] . Related to this field, EOs are promising substances as antibiotic alternatives in animal production Table 1 . List of VOCs found in the 13 EOs with retention time (Rt) and pick areas. Abundance of the area is the mean of two replicas. Values are scaled by a factor of 10^-6. B=basil, Ci=cinnamon, Card=cardamom, Cay=cayeput, Co=coriander, Carn=carnation, J=Jupiter, Ni=niaouly, Nu=nutmeg, O=oregan, R=rosemary, M=mustard, T=thyme. Azepan-1-yl-2-bromethanone  0  0  0  0  0  0  0  0  0  0  0  9,566  0   15.8   8   Lactic acid, monoanhydride with   1-butaneboronic acid, cyclic ester  76,743  37,209  120,834  103,031  85,449  84,357  0  130,325  0  0  0  61,796  0   16.8   7  Tridecane  0  21,214  0  0  0  32,486  0 Table 1 listing all 204 VOCs identified in this study, most are compounds present in more than one oil. On the contrary, in Table 2 , characteristic VOCs for each one of the samples are shown, sorted by decreasing abundance. After the analysis 95 compounds out of 204 were characteristic of one of the selected essential oils, this identified molecules could be used in future works as markers of the presence of a determinate essential oil. In terms of abundance the oils that present characteristics chemical compounds from higher to the lower number were ordered as: Cinnamon (15), Juniper (14) , Nutmeg (12), Carnation (11), Mustard (9), Cardamom (8), Basil and Oregano (6 respectively), Niaouli and Thyme (4 respectively), Coriander (3), Rosemary (2) and Cayeput (1). 
S3 Analysis
Analysis of the data collected with S3 has been carried out using Principal Component Analysis (PCA). In this PCA, features extracted from 7 out of 8 sensors were considered. Indeed, one RGTO SnO2 (heated at 400°C) sensor has been discarded since there was no difference in responses to the different samples. The 2D biplot is shown in Figure 2 ; it has been done considering the first two principal components (PCs) for a total explained variance equal to 95,45% (78.27% for PC1, 17.18% for PC2). Loadings names are sensors morphology (NW stands for nanowire, RGTO for Rheotaxial Growth and Thermal Oxidation) followed by sensors material. The dotted line separates the two clusters that can be identified: in the upper half-plane juniper, nutmeg, rosemary and mustard samples are situated, the others are in the lower half-plane. The only exception is represented by one measure of coriander that is in the opposite part of the line compared to the others and it is most likely an outlier. To understand which compounds were at the base of the division of the two clusters, Analysis of Variance (ANOVA) has been applied. 7 VOCs had means significantly different between the two group: five of them were characteristic compounds of specific EOs (cyclopropylamine and diallyl sulfide for mustard, 2-Methyloctylbenzene for carnation, 1-Decylaziridine for thyme, N-[2-[pMethoxybenzyl]amino]ethylaziridine for basil), one was common for three EOs (8-Methylenepentadecane in cayeout, niaouly and rosemary) and one was found in all the samples (Tetradecane).
Furthermore, an explanation was sought for the fact that there is no clear separation between the different oils. Looking at the common compounds of Figure 1 , seven VOCs were found in all the samples. They are methyl 2,6-dideoxy-α-d-lyxo-hexopyranoside; 1-(4-piperidinylcarbonyl) piperidine; nonyl-cyclopropane; hexyl formate; 2-methyldecan-1-ol; tetradecane; diethylene glycol hexyl ether. The relative amount of these VOCs compared to the total ranges from 11.7% to 36.8%. Samples in the upper half-plane of the Figure 2 are characterized by low percentages (from 11.7% to 14.19%), except for mustard (36.8%). However, the fact that mustard is in the same area could be due to its characteristic VOCs. Indeed, they contain different atoms respect to the other EOs, that are nitrogen and sulfur. Samples in the lower half-plane have a higher content of these seven compounds, from 16.2% to 35.5%. In that case, the EO with the bigger percentage is carnation; however, since an alcohol (2-heptanol) is its most abundant characteristic compound, carnation samples are in the opposite half-plane respect to mustard ones despite the similar amount of compounds in common.
Finally, capability of sensors to distinguish one or more EOs from the others were identified with ANOVA. Hence, the number of times a specific couple of EOs showed significant different means, i.e. recognition by the sensor, has been added. The results are reported in the heatmap below (Figure 3) , where 0 means that none of the sensors is able to achieve the discrimination and 7 that all of them are capable to do a distinction. All the sensors of the array succeed to identify basil from juniper and six of them basil from cardamom (the only exception is TGS2611). Three nanowire sensors (CuO, SnO2Au+Au and SnO2Au) and both TGS showed the ability to distinguish juniper from cinnamon and carnation. Both tin oxide nanowire and TGS sensors allow the recognition of nutmeg from basil and carnation, of rosemary from basil, cinnamon and carnation, of mustard from basil. Less recognizable EOs are thyme and cayeput (separated only from basil), followed by cardamom and coriander (distinguished from basil, cinnamon and carnation). Conversely, basil, cinnamon and carnation are the most identified oils. This preliminary study shows that chemical sensors have potentials to be used to recognize some EOs. In future works, the parameters of analysis could be adjusted to improve the ability of the system to identify more oils. In particular, new methods that allow to highlight the different VOCs and to reduce the influence of common compounds should be put in place.
Materials and Methods

Samples
Thirteen EOs were considered: basil, cinnamon, cardamom, cayeput, coriander, carnation, juniper, niaouly, nutmeg, oregano, rosemary, mustard, thyme. Of the thirteen EOs, three of the them came from Sigma-Aldrich (Saint Louis, Missouri, USA) and are cardamom, oregano and mustard; the others were bought at Solimè S.r.l. company (Reggio Emilia, Italy).
Analyzed samples were stored at room temperature, far from sources of heat and light. From each of the thirteen EOs, 37.5 μl were taken and put in 20 ml glass vials containing 5 ml of distilled water. The main reason for choosing this concentration was to avoid the saturation of sensor response, due to the high interaction between the amount of VOCs and the sensing material. Hence, the vials were sealed with a metal cap with a PTFE-silicon membrane crimped with an aluminum crimp. For both types of sample, prepared for the measurements with GC-MS and with S3, a method was developed that envisaged optimizing the equilibrium of liquid phase and vapor phase inside the crimped vial, therefore waiting 1 hour before proceeding to the analysis. Two specimens were prepared for GC-MS, while a different number of replicas has been prepared for S3, for a total of 48 measures. The detailed number of samples for each EO is reported in the Table 3 . 
GC-MS Analysis
The Gas Chromatograph (GC) used during the analyses was a Shimadzu GC2010 PLUS (Kyoto, KYT, Japan), equipped with a Shimadzu single quadrupole Mass Spectometer (MS) MS-QP2010 Ultra (Kyoto, KYT, Japan) and an autosampler HT280T (HTA s.r.l., Brescia, Italy). The GC-MS analysis was coupled with the Solid-Phase Micro Extraction (SPME) method in order to find the most characteristic VOCs for each sample.
The fiber used for the adsorption of volatiles was a DVB/CAR/PDMS-50/30 µm (Supelco Co. Bellefonte, PA, USA). The fiber was exposed to the headspace of the vials after heating and shaking the samples in the HT280T oven, thermostatically regulated at 50 °C for 15 min, with the aim of creating the headspace equilibrium. The length of the fiber in the headspace was kept constant. Desorption of volatiles took place in the injector of the GC-MS for 6 min at 250 °C.
The gas chromatograph was operated in the direct mode throughout the run, with the mass spectrometer in electron ionization (EI) mode (70 eV). GC separation was performed on a MEGA-WAX capillary column (30 m × 0.25 mm × 0.25 μm, Agilent Technologies, Santa Clara, CA, USA). Ultrapure helium (99.99%) was used as the carrier gas, at the constant flow rate of 1.3 mL/min. The following GC oven temperature programming was applied. At the beginning, the column was held at 40 °C for 8 min, and then raised from 40 to 190 °C at 4 °C/min; then, the temperature was maintained at 190 °C for 5 min. Next, the temperature was raised from 190 °C to 210 °C, with a rate of 5 °C/min; finally, 210 °C was maintained for 5 min.
The GC-MS interface was kept at 200 °C. The mass spectra were collected over the range of 45 to 500 m/z in the Total Ion Current (TIC) mode, with scan intervals at 0.3 s. The identification of the volatile compounds was carried out using the NIST11 and the FFNSC2 libraries of mass spectra.
S3 Analysis
S3 device used in the present work has been completely designed and constructed at SENSOR Laboratory (University of Brescia, Italy) in collaboration with NASYS S.r.l., a spin-off of the University of Brescia. It has been described in other works [39, [40] [41] [42] [43] [44] [45] 46] . Briefly, the tool comprises three parts: pneumatic components, that transfer VOCs from the head-space of samples to the sensing chamber; electronic boards, that manage the acquisition and transmission of the data from the device to the dedicated Web-App and allow the synchronization between S3 and the auto-sampler; sensing chamber, that can host from five to ten different MOX gas sensors and is thermostated and isolated in order to avoid any influence of the surrounding environment. To function properly, the sensors need a reference value, which has been obtained by filtering the ambient air with a small metal cylinder (21.5 cm in length, 5 cm in diameter) filled with activated carbons. Eight MOX gas sensors were used. Three of them are MOX nanowire, as presented in References [34] . Two of them are tin oxides nanowires sensors, both grown by means of the Vapor Liquid Solid technique [47] , using a gold catalyst on the alumina substrate and functionalizing one of them with gold clusters; the third sensor has an active layer of copper oxide nanowires. The working temperature is 350 °C, 350 °C and 400 °C, respectively. The other three sensors are prepared with RGTO thin film technology [48] ; one is tin oxide functionalized with gold clusters (working at 400 °C), while the other two are pure tin oxide (working at 300 °C and at 400 °C, respectively). The last two are commercial MOX sensors produced by Figaro Engineering Inc. (Osaka, Japan). In particular, they are the TGS2611 and TGS2602, which are sensitive to natural gases and odorous gases like ammonia, respectively, according to the datasheet of the company. Commercial sensors have been mounted on our e-nose in order to evaluate the performances of nanowire sensors. Details of S3 sensors made at SENSOR Laboratory are summarized in Table 4 . Response to 5 ppm of ethanol, selectivity (response ethanol/response carbon monoxide) and limit of detection (LOD) of ethanol are also included. The auto-sampler head-space system HT2010H was coupled with S3. It supports a 42-loadingsites carousel and a shaking oven to equilibrate the sample head-space. The vials were placed in a randomized mode into the carousel. Each vial was incubated at 40 °C for 5 min in the auto-sampler oven and shaken every 6 s for 12 s during the incubation. The sample head-space was then extracted from the vial in the dynamic head-space path and released into the carried flow (50 sccm). The analysis timeline can be divided into three different steps for a duration of 600 s (10 min) per sample, 60 s to analyze samples and 510 s to restore the base line. Thanks to the processor integrated in the S3 instrument, the frequency at which the equipment works is equal to 1 Hz.
Data Analysis
Statistical techniques have been applied to extract information from S3 data. PCA has been performed to understand if the array of sensors was able to discriminate among the EOs. Hence, ΔR/R feature has been calculated for the eight sensors as input variables. Sequentially, ANOVA has been used to interpret grouping of the EOs on the 2D biplot and to individuate best sensors for EOs discrimination, selecting a significance level equal to 0.05. Finally, multiple comparison of the ANOVA results has been done using Tukey's honest significance test.
Conclusions
Thanks to this detailed study, it has been possible to reach and obtain different important points for the future development of this type of research. Especially as regards the results obtained with the GC-MS, it has been highlighted that 95 out of 204 VOCs characterize one oil from the others. As far as S3 is concerned, the results obtained and the conclusions that we can draw from it can be further divided into two parts, a part concerning the whole array and a part related to the responses of the individual sensors to the analyzed oils. Through PCA, it can be suggested that S3 was able to distinguish between two cluster: one is formed by juniper, nutmeg, rosemary and mustard, the other by basil, cinnamon, cardamom, cayeput, coriander, carnation, niaouly, oregano and thyme. From the analysis of individual sensors, it turned out that basil, cinnamon and carnation are the most identifiable oils with different number and typology of sensors, especially tin oxide and copper oxide nanowires, while cayeput and thyme are more mistakable samples.
